A general method for determining the velocity constants of initiation, propagation, transfer and term ination in polymerization reactions is described. The m ethod depends essentially on the measurement of the rate o f increase of viscosity for various rates o f chain initiation. In the case of radical polymerizations photochem ical initiation is m ost convenient. Measure m ent of the photochemical after-effect then' gives four independent relations between the four velocity constants.
I t is generally accepted th at vinyl polymerizations are chain processes in which four types of reaction are involved-initiation, propagation, transfer and termination. For a complete understanding of such processes it is therefore necessary to know four velocity constants. Only two quantities, however, can be measured by standard methods-the overall rate of polymerization, and the molecular weight of the pro duct-and these provide only two relations between the velocity constants. The absolute determination of these constants has been one of the outstanding problems in reaction kinetics, and has an important bearing on the theory of reactions in the liquid phase. I t is possible to obtain a third relation between the velocity constants by measuring the lifetime of the growing polymer chains in photochemical reactions, e.g. by the rotating sector method of Briers, Chapman & Walters (1926) . This was first done for methyl methacrylate vapour by Melville (1937) and for methyl acrylate vapour by Jones & Melville (1940) and later extended to liquid vinyl acetate by Burnett & Melville (1945) , Bartlett & Swain (1945) and Swain & Bartlett (1946) . If the rate of chain starting can be determined independently, in principle all four velocity constants can then be evaluated. However, Melville et al. and Bartlett et al. only determined propagation and termination constants, since they worked under conditions where transfer was unimportant. Further, their values for the termination constant differed by a factor of nearly 40. The discrepancy may be partly due to errors in measuring the rate of chain starting.
We have devised a new method for determining all the four velocity constants in these reactions. Its essential feature is the use of viscosity measurements to follow the course of polymerization. Similar measurements have been made before, but their theoretical implications have not been realized. Our method appears to have the following advantages: (1) it is very simple in practice, and the measurements can be carried out in a very short time; (2) all four velocity constants can be evalu ated; (3) the measurements are made at very low percentage conversions of the monomer, thus avoiding the Trommsdorff (1944) effect, and simplifying the calcula tion; (4) only relative rates of chain starting need be known; (5) the viscosity method is so sensitive that the rate of spontaneous polymerization can be determined, even when it is too small to be measured by other means. The disadvantage of the method is that it is necessary to know the relation between specific viscosity and mean degree of polymerization; however, we have devised a simple method of establishing this which will be described in a later paper.
In the present paper the application of the method to the thermal and photo chemical polymerization of styrene will be described. This reaction was chosen as a test of the method, since the general features of the reaction have been well established.
T h e o r e t i c a l c o n s i d e r a t i o n s
An uncatalyzed radical polymerization may be formally represented by the following equations: 2M -+2X
(1)
X + M -> P + X ,
2X-»2
in which M, P and X represent monomer, dead polymer and a radical intermediate respectively. The initial step is written as a bimolecular process in agreement with the results of Schulz, Dinglinger & Husemann (1938) , Suess, Pilch & Rudorfer (1937) , and the recent work of Walling, Briggs & Mayo (1946) which will be mentioned later. The termination reaction is represented as producing two molecules of polymer. This is in agreement with the results of Bamford & Norrish (1938a) , who showed th at large hydrocarbon radicals produced by the photolysis of ketones in paraffin solution disproportionate rather than combine. Further, Price & Tate (1943) have shown th at in the catalyzed polymerization of styrene each molecule of polymer contains one fragment of catalyst only. The transfer reaction (3) has not hitherto been directly established in the polymerization of pure monomers, but has been shown by Mayo (1945) to occur in hydrocarbon solutions of styrene.
In the following treatm ent we shall make the customary assumption th at all the free radicals react equally rapidly with the monomer and with each other. Application of the stationary state method to equations (1) to (4) then leads to the following results if the molecular weight is large:* <5) p = ___ *9-
Pn being the mean (number average) degree of polymerization. Melville (1939) discussed the polymerization of styrene in terms of equations (1), (2) and (4). He concluded th at termination is activated. However, his argument is vitiated by numerical errors and the neglect of chain transfer, which, as Flory (1937) had previously shown, seems to be of predominant importance in the determination of the degree of polymerization (i.e. the condition (k1kA )i holds). The kinetic scheme of equations (1) to (4) has been generally accepted, but in volves unjustifiable simplifications. In the thermal or photopolymerization, the first step must lead to the formation of a diradical which will then propagate from both ends. On the other hand, the transfer reaction produces a single radical growing at one end only. Therefore the initial polymer has twice the average molecular weight of the transfer polymer, and the kinetics need appropriate modification. The com plete scheme for the thermal polymerization is given below:
Studies in'polymerization. I 311
X represents any active centre and Q any dead centre. is the initial polymer growing at both ends, D1 that growing at one end only, and R the growing transfer polymer.
Px and P2 are dead transfer and initial polymers respectively. The stationa state method then gives
In these equations Px and P2 are the mean (number average) degrees of tion of the initial and transfer polymers respectively.
In order to calculate the rate of change of viscosity it is necessary to know the relation between the viscosity, concentration and mean degree of polymerization in polymer solutions. I t is now agreed th at the general relation for homogeneous polymer is that proposed by Houwink (1940) , namely,
in which \rj] is the intrinsic viscosity, K and cc are constants, M0 is the molecular weight of the monomer, and P is the degree of polymerization. In P art II it will be shown th at for heterogeneous polymer formed by the growth of a single radical centre (e.g. polymer produced by transfer or catalytic initiation) the relation (9) implies the relation M = W V , (io) where Pn is the number average degree of polymerization and K' = 2 4-a). Likewise for polymer formed by growth of a double radical (e.g. for the polymer formed from thermal or photochemical centres)
where if" = iTP(3 -l-a)/21+<x. In the following paper it will be shown th at polystyrene, prepared catalytically, obeys (10) with K' = 4*57 x 10-3 and a = 0-65 (the concen tration being expressed in base g.mol./l. Now* y = c[y] = KcM%Pa for each kind of polymer. Also c = P[P], and in the steady state P is constant. Hence the rate of change of viscosity in a thermal or photochemical polymerization is given by
for a solution containing two kinds of polymers, i.e. In a photochemical polymerization the photochemical rate of chain-starting is proportional to the light intensity. Since the concentration of monomer is sensibly constant, one may without loss of generality write
where I is the light intensity in arbitrary units and A is constant. Equation (13) then becomes where £ = (1 + AI)*. Thus measurement of drjjdt over a range of light intensities provides two relations between the velocity constants, giving the values of (3 and (fcl/fc4)i<1+a)^(1-a). From (8) the number average degree of polymerization of the thermal polymer is found to be
Measurement of Pn thus provides a third relation between the velocity constants.
In order to obtain a fourth relation and so to evaluate the constants absolutely, use is made of the fact that on cutting off the light the rate of polymerization does not fall immediately to its dafk value, but remains abnormally high for some time. The photochemical after-effect Aifj may be defined as the difference between the observed specific viscosity at time t, and that calculated on the assumption th at the rate falls instantaneously to the thermal value on interrupting the light. The calcula tion of Arfj is given in the appendix; the results obtained for f are
where Arj^ is the after-effect at time t for light intensity / ; A = (ft + 1)*, v = (ft -1)*,
Measurement of
Pn for the thermal reaction of over a range of ligh and of the photochemical, after-effect allows the absolute values of all four velocity constants to be determined. Although the kinetic expressions may appear com plicated, the calculations are in fact quite simple.
C. H. Bamford and M. J. S. Dewar E xperimental
(i) Measurement of Pn The value of Pn is determined by the viscosity method using equation (9). The situation is somewhat complicated by the fact th at the thermal polymer contains both initial and transfer polymer and the number average degree of polymerization of these differs from the viscosity average. I t is therefore necessary to apply to the value P'n found from equation (10) a small correction given by
In the present case this correction is almost negligible.
Our measurements were made on polymer prepared vacuo at 25 and 45° from monomer purified as described below. The total extent of polymerization was small, less than 5 %. Solutions of the polymer were made up in styrene containing a trace of quinone as stabilizer. Their specific viscosities were determined with an Ostwald No. 1 viscometer. Both the standard methods of extrapolation to zero concentration were used, and gave identical results, but the extrapolation of was found rather more satisfactory than that of (log Vr)lc-Similar measure in toluene and benzene with identical results. This shows th at the constant K' has the same value in all three solutions. The curve for the 45° C polymer in styrene is given in figure 1 (ii) Correction of observed specific viscosities to infinite dilution
The kinetic equations (15), (17) and (18) were calculated by assuming the Houwink limiting relation. It is therefore necessary to correct observed specific viscosities to the values they would have if the Houwink equation were valid over all concen trations. This is readily done by using the ?/sp/c versus c curves described in the previous section, since rjc = \ r j ] (Vsp. and tjc may thus be drawn. The important point is th at for values of (?/sp)c < 1-5, the correction curves are identical for polymers of different molecular weights. Indeed, Schulz & Sing (1943) claim th at the correction curves are identical for all dilute solutions of all polymers over a large range of molecular weights, and can be expressed analytically in the form Studies in polymerization. I This curve is plotted in figure 2 together with our values for the 25 and 45° C poly mers, and it will be seen th at the agreement is extremely good. In the subsequent discussion it will be assumed th at specific viscosities have been corrected to infinite dilution. (iii) Purification of styrene Styrene containing a small quantity of hydroquinone was purified entirely in a vacuum apparatus (p < 10~4mm.), all distillations being carried out f temperatures. It was first distilled on to solid KOH and allowed to stand for 36 hr. I t was then distilled on to sodium wire, allowed to stand for J hr. at room tem perature, and then distilled on to a second portion of sodium. After a further period of | hr. the styrene was distilled through a constriction into a soda-glass tube fitted with a vacuum breaker. The constriction was then sealed off. The liquid was irradi ated at 0° C for 2 hr. with the full light of the hot mercury arc, and finally heated to 100° C for \hr. The purpose of this treatm ent was as follows. The potash rem traces of phenolic impurities, and the partial polymerization over sodium destroyed retarders. The irradiation and heating removed the last traces of inhibitors and peroxides. The styrene was finally distilled from the tube into vacuum viscometers (described in § (iv)) in an all-glass apparatus containing no greased joints.
The rates of polymerization observed with styrene thus purified were extremely reproducible.
3, 1*0 
(iv)
The viscometers A typical viscometer constructed of soda glass is shown in figure 3 . The visco meters are essentially a combination of the Ostwald and pipette types, adapted for vacuum use. The capillaries have an internal diameter of 0-5 mm. The approximate time of flow for pure styrene at 25° C was 100 sec. The readings were reproducible to 0* 1 sec. Kinetic energy corrections were not applied since they were always small, and for measurements of specific viscosity would be negligible. The side tube attached to the viscometer doubled the number of measurements which could be made with one filling. When the viscosity became too great the styrene was poured into the appendage and distilled back into the viscometer through a constriction, which was then sealed.
(v) Measurements of rate
The thermal rates were measured at Q , and 25° C. The experiments were carried out in a laboratory lighted exclusively with Osfra 140W sodium lamps, since the reaction is sensitive to daylight and ordinary artificial light. In the photochemical experiments the viscometers were enclosed in a quartz tube, through which water from a thermostat was circulated, and were illuminated with the full fight of a hot mercury arc. Under these conditions, with the glass viscometer, no fight of wave length less than 3100 A is transmitted to the styrene. I t is important in these experiments to use fight which is only weakly absorbed by the monomer, otherwise the rate of reaction would not be uniform throughout the liquid, and the kinetic equations would be invalidated.* The absorption of styrene for wave-lengths greater than 3000 A is very small (Taylor & Vernon 1931; Rodebush & Feldman 1946) . It is also important to follow the reaction only for very small conversions both because it has been assumed that the activity and concentration of the monomer are constant in deriving the kinetic equations and in order to avoid transfer to the polymer. Further, it is probable that the velocity constants, particularly th at of termination, are dependent on the viscosity of the medium (Josefowitz & Mark 1945; Trommsdorff 1944) . This condition was always fulfilled in our work, since it was not possible to use specific viscosities higher than 1-5 ( § (ii)) when the conversion was less than 0*5 %.
In the photochemical experiments the incident intensities were measured in arbitrary units with a thermopile-galvanometer system. Subsidiary experiments showed that no appreciable focusing effects were produced by the quartz jacket.
In order to determine the rate during illumination allowance must be made for the photochemical after-effect. The actual procedure is described in the next section.
The results were then fitted, by trial and error, to equation (15), and values of (3, (Jcl/Jc^kl and A were thus determined. Since the after-effect can only be expressed in simple terms if a is rational, the calculations were carried out for a = f . The range of molecular weights of the polymers formed in our experiments was small, and therefore the error so introduced is negligible as will be shown later. For our purpose the constants in equation (10) were taken to be K' = 3*54 x 10-3, a = f . The agreement between theoretical and experimental values at 0 and 25° C is shown in tables 3 and 4. The values of the constants used are given in table 2. Although the rate of chain starting is varied by a factor of the order 104 in these experiments, the discrepancy between calculated and observed values is nowhere appreciably greater than the experimental error. From equation (15) it follows that, in the absence
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p o l y m e rI of chain transfer, drj/dt varies as if transfer occurs, varies more rapidly tha this. Thus a simple qualitative test for chain transfer is available. In spite of the somewhat complicated appearance of (15) this equation is, in fact, rather sensitive to changes in the parameters; thus at 25° C, /? = 11 gives a much better fit than /? = 10, or fi = 12. If the values for /? and {k\jkf)% k\ so determined are substituted into equations (16) The equations for the after-effect ( (17), (18)) can be expressed in terms of kA, and the known quantities k\jkA, /?, kx and A. Thus measurement of the after-effect enables kA to be calculated absolutely, and hence the other velocity constants.
If styrene is irradiated for tx sec. and the viscosity is measured a <2 sec., the total increase in viscosity from the beginning of the irradiation 8rj may be expressed as ^ _ at1 + bti + A V' l -
where a, b are the photochemical and thermal rates respectively, is the photo chemical after-effect and A'rfi is the 'pre-effect'. The pre-effect the after-effect and results from the fact th at the stationary photochemical rate is not established until some time after the light is turned on. (It is assumed th at the period of irradiation is always long enough to allow the photostationary state to be approached very closely.) If values of 8rj -bt2 are plotted against the corre sponding values of tx, a straight line is obtained from which a and A -A found. A kinetic analysis (see appendix) shows th at the pre-effect (counted as positive) is given, for cl = §, by
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/S ta n -' 13 I 'S ta n -'2A + l!r' l ^ i; | (£ + 1) ('A~X)3
V3 tan V3 + V3tan + -g r (t lo8 -^3 tan-1^* + ^3 ta n -1 <22>
where X~( P~ £)* an(l fhe other symbols have the meanings assigned in equations (17) and (18). The pre-effect and the after-effect cannot easily be measured separately, but at high light intensities the pre-effect is only a small fraction of the after-effect, and can be allowed for by using equation (22). time of illumination, q (min.) F igure 4. Determination of (Arj00 -A'rj^) and photochemical rate at 25° C, 1100.
In practice, measurements were made when t2 was so large th at the rate had virtually fallen to its limiting value. The periods required were approximately 40 min. at 25° C and 20 hr. at 0° C. Thus the quantity measured by the above method was Arif -A'r/f. A typical series of results at 25° C is shown in figure 4 . At 0° C the after effect lasted sufficiently long for accurate measurements of Arfj to be possible. Thus an additional check on the kinetics of the after-effect could be obtained, since it is possible to calculate all the velocity constants from Ar/f, and substitute these in (17) to give At/j. The calculated values of Arjj are shown by the curve of figure 5, in which the experimental points are also plotted. The agreement is very satisfactory. At 25° C the after-effect is almost complete in about 20 min. This also is in agreement with the time scale calculated from (17). The curves in figure 6 show the values of Arjf, A'rjf and a t 25° C as functions of the light intensity, calculated from equations (18) Table 6 gives the energies of activation and frequency factors calculated from them. A 2 = 1-02 x 10® E s = 14-2 ± 1 kcal. A8 = 1*50 x 107 E t = 2*8 ± 1 kcal.
A 4 = 3 07 x 108
Simple treatment using the relation According to the original Staudinger relation, a = 1 in equations (9) to (11). In this case the equations assume the particularly simple form 
Although these equations are not strictly accurate, it is interesting to calculate the values of the velocity constants from them. I t is, of course, necessary to use a different value for the Staudinger constant K'M at each temperature; the values adopted were 1*677 x 10-5 at 0° C and 2*52 x 10-5 at 25° C, and were chosen to give correct molecular weights for the thermal polymers. The calculated velocity con stants and energies of activation are given in tables 7 and 8 respectively. The experimental results can be fitted quite satisfactorily by equations (23) to (25), using these constants. Thus the observed and calculated values of for various light intensities at 25° C are given in table 9. The after-effect and pre-effect intensity curves, and the curve for the kinetics of the after-effect at 0° C, are so nearly identical with those given previously th at they cannot be reproduced clearly in the same diagrams. It will be seen th at the velocity constants obtained by this method differ by a factor of about 2 from those given previously, while the activation energies are the same within the limits of experimental error. I t may therefore be concluded th at the results are comparatively insensitive to the value of a, and th at no significant error can have been caused by our adoption of = f instead of the obser ved value, 0*65. Further, it will always be possible to choose rational values for a in the cal culation of the after-effect, without introducing appreciable errors.
D i s c u s s i o n (i)
The present work shows for the first time that chain transfer is important in the polymerization of pure styrene. The number of times (3 th at transfer occurs in one kinetic chain is given in table 5 for 0 and 25° C. The activation energy of (3 is -5-7 kcal., and at 100° C, (3 has the value 1*6. Since all prev neglected transfer in this reaction, conclusions deduced from their kinetics are not in general valid. Thus it has usually been assumed th at Schulz & Husemann 1936; Melville 1939) . In this case may be found from measurements of Pn and d[M]jdt. The correct relation when transfer occurs is, however, .
If 2/3> 1, the quantity calculated by the earlier treatm ent is not kx, but approxi mately 2k3(k1lki )K This has an activation energy E'x = 31*3 kcal. according to our measurements. The rate of disappearance of monomer is not appreciably affected by transfer, being given by
which only differs negligibly from equation (5). The total activation energy is thus E2 + \{Ex -E f ) , and from our values is calculated to be 23-6 kcal. It would appear from Flory (1937) and Melville (1939) th at the values of E[ and Eyi given by Schulz & Husemann (1936) are in close accord with these figures, but this seems to be based on a misreading of their paper. Schulz & Husemann found a value of 23-2 kcal. for E[ and not for EM as quote values are not reliable, however, since the polymerizations were carried out in air. The same criticism applies to the work of Mark & Raff (1936) . The most trustworthy results at high temperatures are those of Schulz & Husemann (1937) , Suess et al. (1937) and Walling et al. (1946) . Their values for the initial rates of disappearance of monomer are given in table 10 together with the values calculated from our measurements at 0 and 25° C. Values calculated from our observed rate at 25° C, assuming EM = 22-3 kcal., are also given.
Studies in 'polymerization. I 323 Em = 23-6 kcal.
calc. From table 10 it would appear that our value for EM is about 1*3 kcal. too high. This discrepancy is within our limits of experimental error, since three activation energies are involved in EM. On the other hand, Schulz & Husemann's figures for 100 and 132° C lead to EM = 20*6 kcal. and may imply a genuine change in EM, or the associated frequency factor, with temperature. This would not be surprising for a process involving a pure liquid, for which the theoretical treatment of reaction velocity is very incomplete. Further, there is no proof that in this system the velocity constants are independent of chain length. On balance, however, the agreement between the low and high temperature results is as good as could be expected, considering the range of the extrapolation.
Em
From the foregoing it is clear that the frequency factor of the initiation reaction found by Schulz & Husemann's treatment is 2A3(A1/.d4)i, which is 1-9 x 108 according to our measurements. Actually they obtained a still lower value than this, probably because air was present in the early experiments, while in the later ones the values of P used are open to criticism. These low values of the frequency factor led Harman & Eyring (1942) to postulate triplet excitation of the styrene in the initial reaction. According to the present work this reaction has a normal frequency factor, and there is no reason to suppose that special electronic processes are involved.
(ii) One of the most striking features of table 6 is the normal frequency factor and high activation energy of the initiation reaction. Flory (1937) considered th at the available evidence pointed to a high value for and suggested the figure 31 kcal. Foord (1940) by the use of inhibitors obtained a value of 28 kcal. This work has been criticized by Breitenbach & Horeischy (1941) on the grounds th at the use of quinone does not lead to total inhibition, but even so it is evident th at Foord's value is nearer the truth than the lower values which have been generally accepted in recent years. There are a number of reasons why Foord's value should be rather low; for instance, it is very likely th at quinone is incorporated into the kinetic chains (cf. Price & Read 1946) . This would also explain the low values for the molecular weight obtained by this method.
The initiation reaction at 0° C is an excessively slow process, corresponding to a half-life of about 109 years in pure monomer. I t would be quite outside the range of measurement were it not for the fact th at it is multiplied about 3x10® times by chain growth and transfer. We have assumed throughout th at the initiation reaction in the thermal polymerization is bimolecular. Kinetic measurements establish th at this reaction is definitely of second order, both in solution (Suess 1937) and in pure monomer (Walling et al. 1946) . Further evidence for the in a dimeric radical has been reported by Kern & Feuerstein (1941) who isolated its adduct with quinone.
(iii) The lifetime of a growing polymer molecule in the thermal reaction is sur prisingly long. This is given for three temperatures in table 11, together with the life of a kinetic chain, and of an individual radical. These values are very reasonable for a mesomeric radical in solution. The resonance energy of the benzyl radical is known from theoretical calculations (e.g. Wheland 1941) and practical measurements (Butler & Polanyi 1940 ) to be about 10 kcal. Some of this would be lost in the transi tion state. In the polymerization of vinyl acetate the intermediate a-acetoxyalkyl radicals have very little resonance energy and their lifetime is much shorter. Our values of E2 and E4 for styrene are appreciably higher than the correspond reported by Burnett & Melville (1945) for vinyl acetate (4-4 and 0 kcal. respectively). Moreover, our value of E3 is greater than the activation energy found by Bamford & Norrish (19386) for the analogous reaction between alkyl radicals and iso-octane (12-3 kcal.). The frequency factor for propagation is very close to th at found by Burnett & Melville for vinyl acetate (1-4 x 10®), but our frequency factor for termination is much smaller than theirs (3-0 x l O 9). Swain & B artlett (1946) give reasons for believing th at this latter value is too high. They find 8 x 107 if = 0, within a factor of four.
(iv) The absolute values of kx, k2 and kA deduced from depend on the value ascribed to K'. If all measurements are carried out at the same temperature kx varies directly, and k2 and & 4 inversely as K'*, while kz is indepen of K'. If K' is independent of temperature, the activation energies calculated from the velocity constants will be independent of . In the present work, the molecular weights were effectively determined a t 25° C. Under these conditions it is easily shown th at variations of K ' with temperature will affect only and kx at 0° C, and hence Ex and Ex. From the work of Danes (1934) , it appears th at K' varies very little with temperature, and the corresponding corrections amount to about 5 % in kx and kA and about 0-3 kcal. in Ex and 2£4 (to be added to Ex and subtracted from E4). Since the uncertainty in our measured value of K' is of the order 5 %, and the corrections to Ex and Ex are well within the limits of error we claim, we have omitted the correction.
(v) The Trommsdorff effect in styrene. Schulz & Blaschke (1941) observed th in the polymerization of methyl methacrylate, a large increase in the rate of reaction occurs at about 20 % conversion. Trommsdorff (1944) showed th at this is accom panied by a corresponding increase in the degree of polymerization, and pointed out th at the most likely explanation of this is a decrease in the termination coefficient when the medium becomes viscous. Indeed, he found th at addition of cellulose tripropionate produces a similar effect. Trommsdorff found th at a wide range of monomers give similar results, the only exception being styrene, and his explanation has been confirmed for vinyl acetate by Burnett & Melville (1946) .
The thermal polymerization of pure styrene follows first-order kinetics, although in solution the reaction is definitely of second order, and Trommsdorff ascribed this difference to the viscosity effect. However, Walling et al. (1946) obtained satisfactory second-order constants by using activities, calculated from vapour-pressure data, instead of concentrations, even when the reaction was followed almost to completion. There is therefore no reason to believe th at the Trommsdorff effect is operative in styrene. Bowen (1946) has shown that the rates of quenching of fluorescence in solutioneffectively very rapid reactions-are determined by the viscosity of the medium. In general, the lower the velocity constant, the higher the critical viscosity above which viscosity becomes rate determining. I t is interesting to note th at the termina tion constants for vinyl acetate (Bartlett & Swain 1945; Swain & Bartlett 1946; Burnett & Melville 1945) and methyl methacrylate (Dewar & Bamford 1946) are about 100 times smaller than Bowen's velocity constants, and the reactions show the viscosity effect only above a much higher critical viscosity in spite of the fact th at the reactant molecules are much bigger. In the case of styrene, with a termina tion constant smaller by another factor of 100, the critical viscosity is apparently not achieved under ordinary conditions.
(vi) A further check on the accuracy of our velocity constants could be obtained by comparing the calculated molecular weights with those observed for polymers prepared at different temperatures. Unfortunately there appear to be no reliable published figures for comparison. In most cases polymers have been prepared by polymerizing the monomer almost completely. Under these conditions transfer to polymer will take place, as Houtz & Adkins (1933) and Flory (1937) have demon strated, and the molecular weights observed will be too high. Moreover, the polymers will be branched, and the viscosity method will be invalidated. These conclusions are confirmed by observation of Alfrey, Bartovics & Mark (1943) and Abere, Goldfinger, Naidus & Mark (1945) who found that the Houwink constant depends upon the temperature at which the polymer is prepared, for large percentage conversions.
We have in another connexion prepared thermal polymers at 60° C for conversions of about 5 %. The molecular weight determined viscometrically was 660,000. The calculated value is 671,000.
As an additional check the molecular weight of a photopolymer (prepared at 25° C with I = 2000) was determined. The value of calculated from the relation p _ 2fc2(&1fc4) 1 n " 2/? + £
(derived from (16)) was 6540, while the observed value was 6250.
A p p e n d i x . Ca l c u l a t i o n o f a f t e r -a n d p r e -e f f e c t s
From the Houwink equations (10) and (11), it follows th at the rate of increase of viscosity is given by This expression can be integrated explicitly only if a is rational. Therefore put a = min, where m, n, are integers. Furthermore, small integral values can always be chosen for m, n without introducing serious error, as we have already shown. Now make the substitution
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